An extensive study of SuzukieMiyaura cross-coupling processes on N-pyridinium bromoazinyl aminides has been performed. Mono-and disubstitution on 5-and 3,5-bromo derivatives produced the corresponding aryl derivatives. In the disubstituted compounds regioselective substitution at the 3-position occurred, vicinal to the aminide nitrogen, and this was more evident in pyrazine derivatives. The commonly used strategy involving N-alkylation and reduction of the NeN bond gave rise to a series of 2-alkylamino-3,5-disubstituted-pyrazines.
Introduction
Polysubstituted heterocycles belong to the most important class of organic compounds, they are widespread in nature and many of them show interesting biological activities. 1 Functionalization of halo-or metallated heteroaromatic compounds through metal-mediated cross-coupling reactions has become an important method for the preparation of different multiple carbon-substituted heterocycles 2 and, in recent years, selective Pd-mediated reactions have been developed to prepare highly functionalized heterocycles. 3 The Suzukie Miyaura cross-coupling reaction has proved to be a powerful and versatile method for the formation of Csp 2 eCsp 2 bonds. 4 The process has important advantages over the other palladium-catalyzed cross-coupling processes and these include functional group compatibility, low toxicity of reagents and intermediates, ready availability of boron derivatives, high thermal stability and good tolerance against oxygen and aqueous solvents. Recently, efforts have been focused on the development of efficient and selective catalytic systems that either allow the use of chlorinated substrates or avoid the use of organic solvents. 5 Pyridinium heteroaryl-stabilized aminides 1 ( Fig. 1) , in which we have been interested for a number of years, 6 are a subgroup of mesomeric betaines 7 with interesting reactivity 8 due to their particular structure. 8b Regioselective halogenation 8c at the iminoazine moiety affords 3-or 3,5-halogenated aminides and these compounds have been used in radical cyclization processes 9 and, more recently, preliminary results have been reported for the Suzuki cross-coupling reaction of compounds 2a, 2b and 2d ( Fig. 1 ) with boronic acids. 
Results and discussion

Monosubstituted N-aminides
The reaction of pyridinium N-(5-bromoheteroaryl)aminides 2a, 2b and boronic acids worked effectively under standard conditions: i.e., aminide (1 mmol), boronic acid (1.5 mmol), Pd(PPh 3 ) 4 (5 mmol %) and Cs 2 CO 3 (2 mmol) in refluxing toluene/ethanol (20:1, v/v) 10a (Table 1 , method A) to afford the substituted products 3 and 4. In all cases the process was continued until substrate 2 had been consumed. In addition, in the first attempt to prepare compound 3d it was found that 4-(hydroxymethyl)phenylboronic acid had low solubility in toluene and, as a result, the ratio of toluene/ethanol had to be optimized, yielding 73% of 3d with a 4:1 mixture of toluene/ethanol. Moreover, it is known that the base plays an important role in the Suzuki process, 4a with the amount and base strength being two important factors in the transmetallation step in terms of increasing the conversion yields. As in previous work, the use of hard bases 10a did not increase the yield of 3a but a softer base, such as K 2 CO 3 , was tested in large excess 11 in the coupling of aminide 2a with different boronic acids. In most cases, the method (Table 1 , method B, with 10 mmol of base) produced high yields, often with shorter reaction times, particularly in the case of 3d, which was obtained in excellent yield (92%) (Scheme 1). Results for derivatives of pyridine, pyrazine and pyrimidine (compounds 3e5, respectively) are given in Table 1 .
Disubstituted N-aminides
Dibromoaminide 2d
8c was tested in a double Suzuki process, using 3 equiv of boronic acid, 4 equiv of Cs 2 CO 3 and a mixture of toluene/ethanol (20:1, v/v) under reflux 10a (Table  2 , method A); alternatively, bearing in mind the previous results (Table 1 , method B) a double coupling was also tested on pyridinium N-(3,5-dibromoazin-2-yl)aminides 2d and 2e and several boronic acids, using 20 equiv of K 2 CO 3 in a toluene/ethanol (4:1) solvent mixture under reflux (Table 2) . Yields were again higher on using method B and compounds 6 and 7 were obtained, as shown in Table 2 .
Unexpectedly, 6h was obtained in low yield (18%) together with the monosubstituted compound 8 as the main product (48%) and 28% of the starting material 2d. This result indicates a possible preference in the coupling process that gives rise to compound 8 rather than its isomer 9dthe expected compound if steric effects were predominant in the process (Scheme 2). 10b Monocoupling of N-aminides appeared to be even more efficient in pyrazine derivatives 2ae2c. As a consequence, 10b a method involving a modification of method B was developed in order to decrease the amount of boronic acids (1.1 mmol) required with the aim of minimizing double coupling (Table  3) . A series of 3-aryl or heteroaryl N-(5-bromopyrazin-2-yl)-pyridinium aminides 10 were obtained. Although compounds 10 were obtained in fairly good yield, traces of diaryl aminides 7 and 5 0 -aryl products were detected in the reaction mixture. A reduction in the amount of catalyst from 5 to 1 mol % minimized the insertion of Pd 0 into the CeBr bond in the 5 0 -position and, although the reaction took place slowly, a considerable increase in selectivity and therefore in yield was observed (Table 3 , compounds 10a and 10c).
A model for the intermediate, in which the unshared pair of the aminide nitrogen coordinates palladium to provide some extra stability to the complex, has been proposed to explain the observed selectivity (Scheme 3).
10b
A similar type of behaviour has been reported in the literature for Pd-mediated processes involving 3,5-dibromopyrazines that contain substituents with an unshared electron pair in the 2-position. 3b,12 In addition, the recent regioselective reduction of 3,5-dibromopyrazin-2-ylamine produced only 5-bromo-pyrazin-2-ylamine on using various hydride donors, palladium sources, ligands, bases and solvents. 12f The authors suggest the participation of the neighbouring amino group as a ligand as an explanation for the observed regioselectivity.
Once monocoupled aminides 10 had been prepared, a second coupling on the remaining bromine in the 5-position was achieved under previously described conditions (method B) to give almost quantitative yields of the unsymmetrical 3 0 ,5 0 -disubstituted pyrazin-2-ylaminides 11 (Scheme 4) reported in Table 4 . Two significant differences in chemical shifts can be observed in the 1 H NMR spectra of N-(3 0 ,5 0 -diarylpyrazin-2-yl)-pyridinium aminides 7 and 10 in relation to the position of the aryl (or heteroaryl) substituent on the diazine ring: (a) substituents in the 5-position exert a deshielding effect on H6 0 (w0.5 ppm) and (b) the signals for the a-protons of the group in the 3 0 -position appear at lower field than those for the same substituent on the 5 0 -position. Representative chemical shifts for compounds 2d, 4a, 7a and 10a are given as examples in Figure 2 .
Synthesis of 2-alkylaminoazines
The chemistry of pyridinium N-aminides has been well developed in our research group, and several publications refer to a regioselective N-alkylation and the subsequent reduction of the NeN bond in order to obtain 2-alkylaminoazines.
8b,e,g,i
The preparation of 2-aminoazines is interesting not only because they are valuable intermediates in synthesis but also due to their interesting properties.
12 However, the preparation of highly functionalized 2-aminopyrazines is not an easy task. 13, 14 The present study could form the basis of a good approach to produce 2-benzylamino-3,5-diarylpyrazines 13 with a high degree of variability, by reduction of salts 12 (Scheme 4).
Alkylation of aminides 11 was performed in anhydrous acetone and, once the solvent had been removed in vacuo, the pyridinium salts 12 were isolated by treatment with ethyl acetate, in which the excess alkylating agent and the unreacted aminide 11 remained in solution. The pyridinium salts 12 were used in the next step without further purification. The yields indicated in Table 5 are the result of the two steps: N-alkylation and NeN reduction.
In previous papers, we reported that the nuclear nitrogen on N-pyridin-2-yl pyridinium aminides is partially blocked by an intramolecular hydrogen bond, making the alkylation regioselective on the exo-nitrogen 8b (Fig. 3) . Nevertheless, when this process was applied to unsubstituted diazine-stabilized aminides, where only one nitrogen can be blocked by the hydrogen bond, alkylation on the alternative nitrogen of the diazine ring was also detected. 8e In the case described here, the presence of two bulky aryl substituents at the 3 0 -and 5 0 -position makes N4 0 less accessible, and only the exocyclic nitrogen alkylation product is successfully obtained (Fig. 3) . 
Conclusions
In conclusion, the peculiar reactivity of aminides 1, which can be selectively mono-or dihalogenated, 8c allows an easy mono-or diarylation through the Suzuki reaction to produce compounds 3e7 with a diverse range of 3-and 3,5-aryl and heteroaryl substituents, all obtained with excellent yields. In most cases, the method employing an excess of K 2 CO 3 (method B) gives rise to better results than the use of Cs 2 CO 3 . 10a Moreover, the Suzuki process on dihalo derivatives of pyridine, such as 2e, showed a regioselective arylationdpredominantly at the 3 0 -position of the pyridine. The regioselectivity was higher with pyrazine derivatives and this yielded 3 0 -aryl derivatives, which were subsequently substituted with a different aryl group, thus yielding unsymmetrical pyridinium N-(3,5-diarylpyrazin-2-yl)aminides 11 in high yields. Finally, 2-alkylaminopyrazines 13 were prepared by alkylation of aminides 11 followed by NeN bond reduction of the corresponding aminopyridinium salts 12.
In summary, the combination of the Suzuki arylation of pyridinium N-(3 0 -bromo or 3 0 ,5 0 -dibromoazinyl)aminides and conventional N-alkylation and NeN reduction allows the preparation of differently functionalized 2-alkylaminopyrazines, and eventually pyridines or pyrimidines, with high efficiency. Other Pd processes are currently being developed for these broadly useful substrates.
Experimental
General remarks
All melting points were determined in open capillary tubes on Gallenkamp MFB-595-010 M, Electrothermal LA6304 or Stuart Scientific SMP3 melting point apparatus and are uncorrected. IR spectra were obtained on a PerkineElmer FTIR 1725X spectrophotometer.
1 H and 13 C NMR spectra were recorded on Varian Unity 300 or 500 MHz spectrometer or on 000 ) and positions of the aryl belonging to the aryl ring of the N-benzyl substituent, when present, are labelled ( 0000 ). Elemental analyses were carried out on a Heraeus Rapid CHN analyzer and were within 0.4% of the theoretical values for all the new compounds described. Low resolution mass spectra (MS) were taken on a Hewlette Packard 5988A (70 eV) spectrometer using chemical ionization (CI) or electrospray (ESI) and high resolution analysis (FAB or TOF) was performed on a VG AutoSPEC (Micromass Instrument) or on an Agilent 6210 Time-of-flight LC/MS. All reagents and solvents were obtained from commercial sources, except 3-pyridineboronic acid, 15 and were used without further purification. TLC analyses were performed on silica gel (Kieselgel 60 F 254 , MachereyeNagel) and spots were visualized under UV light. Column chromatography was carried out with silica gel 60 (40e63 mm, Merck) and/or employing Biotage columns, using the mobile phase reported for each case.
5.2. General procedures for the preparation of 5-substituted N-(azin-2-yl)pyridinium aminides (3e5) Method A. Aminides 2ae2c 8c (1 mmol), the corresponding boronic acid (1.5 mmol) and Cs 2 CO 3 (2 mmol) were dissolved in a toluene/ethanol mixture (20:1, 15 mL). Pd(PPh 3 ) 4 (5 mmol %) was added and the mixture was stirred under argon and heated under reflux for the reaction time indicated in Table 1 .
Method B. Aminides 2ae2c 8c (1 mmol), the corresponding boronic acid (1.5 mmol) and K 2 CO 3 (10 mmol) were dissolved in a toluene/ethanol mixture (20:1, 15 mL). Pd(PPh 3 ) 4 (5 mmol %) was added and the mixture was stirred under argon and heated under reflux for the reaction time indicated in Table 1 .
In both cases, the course of the reaction was followed by TLC, HPLC and/or 1 H NMR spectroscopy. Once the starting material had been consumed, the system was allowed to reach room temperature, the mixture was filtered through Celite or silica gel and washed with acetonitrile until colour was no longer observed in the filtrate. The combined filtrates were evaporated to dryness. The crude product was purified by flash chromatography on a silica gel column, with ethanol as the mobile phase, and recrystallized from a suitable solvent. Compound 3l was isolated as a yellow oil, while compounds 3a, 3c, 3g, 4c, 4e and 5ae5e were transformed into the corresponding hydrobromides before purification. (6) 
Synthesis of symmetrical 3,5-disubstituted aminides 6 and 7: general procedure
Method A. Dibromoaminides 2d,e 8c (1 mmol) and the corresponding boronic acid (3 mmol) were dissolved in a toluene/ethanol mixture (20:1, 15 mL). Cs 2 CO 3 (4 mmol) was added, followed by Pd(PPh 3 ) 4 (5 mol %). After the addition, the mixture was kept under argon with vigorous stirring for 5 min, and then heated under reflux for the reaction time indicated in Table 2 .
Method B. Dibromoaminides 2d,e 8c (1 mmol) and the corresponding boronic acid (3 mmol) were dissolved in a toluene/ethanol mixture (4:1, 10 mL). K 2 CO 3 (20 mmol) was added followed by Pd(PPh 3 ) 4 (5 mol %). After the addition, the mixture was kept under argon with vigorous stirring for 5 min, and then heated under reflux for the reaction time indicated in Table 2 .
In both methods, as soon as the starting material has been consumed, the system was allowed to reach room temperature, the mixture was filtered through Celite or silica gel and the residue washed with acetonitrile until colour was no longer observed in the filtrate. The filtrates were combined, the solvent evaporated to dryness and the residue purified by flash chromatography through a silica gel column, using ethanol as the mobile phase. Finally, the compounds were, if possible, recrystallized from a suitable solvent. Compounds 6b and 6h were isolated as yellow oils. Compounds 6a, 6e, 6f, 6g, 7b, 7d, 7e and 7f were transformed into the corresponding hydrobromides by adding aqueous hydrogen bromide (48%, 3 equiv) and the salts were isolated after removal of excess acid. Ethyl acetate was then added and the aminide hydrobromide was treated in an ultrasonic bath. The remaining solid was filtered off and dried. Hydrobromides of compounds 6a, 6g, 7b and 7d were purified by recrystallization from ethanol. To recover the free aminides 6e, 6f, 7e and 7f, the corresponding hydrobromide was poured into acetone and ion exchange resin Amberlite IRA-67 (3 equiv C E ¼1.6 equiv/g) was added. When equilibration was complete, the resin was removed by filtration and the solvent evaporated to give the desired aminide, which was used without further purification. (5) Dibromoaminide 2e 8b,c,h (330 mg, 1 mmol) and the corresponding boronic acid (1.1 mmol) were dissolved in a toluene/ethanol mixture (4:1, 15 mL). K 2 CO 3 (10 mmol) was added followed by Pd(PPh 3 ) 4 (5 mol %). After the addition, the mixture was kept under argon with vigorous stirring for 5 min, and then heated under reflux for the reaction time indicated in Table 3 (i.e., until starting material was not detected by TLC). The system was allowed to reach room temperature and the mixture was filtered through Celite or silica gel. The residue was washed with acetonitrile until colour was no longer observed in the filtrates, which were combined and evaporated to dryness. The residue was purified by flash chromatography on a silica gel column, using ethanol as eluent. Finally, the bromo compounds 10 were, if possible, recrystallized from a suitable solvent. 5 mmol) , the corresponding aminide 10 (1 mmol) and K 2 CO 3 (10 mmol) were stirred and heated under reflux under argon in a mixture of toluene/ethanol (4:1, 15 mL) until starting material was no longer detected by TLC (see Table 4 ). The system was then allowed to reach room temperature, the mixture was filtered through Celite or silica gel and the residue washed well with acetonitrile. The filtrates were combined and evaporated to dryness. Aminide 11 was purified by flash chromatography on a silica gel column, using ethanol as eluent, and recrystallized from the appropriate solvent where possible. Compound 11j was obtained as an oil. Compounds 11a, 11b, 11f and 11g were treated with aqueous hydrobromic acid (48%) (3 equiv) and the corresponding salt was isolated after removal of excess acid. Ethyl acetate was then added and the aminide hydrobromide was triturated in an ultrasonic bath. The remaining solid was filtered off and dried. To recover the free aminides 11a, 11b and 11g, hydrobromide was poured into acetone and ion exchange resin Amberlite IRA-67 (3 equiv C E ¼1.6 equiv/g) was added. When deprotonation was complete, the resin was removed by filtration and the solvent evaporated to give the desired aminide, which was used without further purification for other synthetic steps. Compound 11f was purified as the hydrobromide. 
